1.. Introduction
================

Fungi play a major role in ecology and affect human life in many ways positively and negatively: they are major players in saprobic decomposition, important symbionts of plants (mycorrhiza), pathogens of plants and animals affecting health as well as food production and preservation (decay, toxin production), serve as food or in food production (*e.g.*, mushrooms, alcohol, bread, mould cheese), and are important work horses in biotechnology as producers of widely used enzymes as well as primary and secondary metabolites (*e.g.* citric acid, statins, cyclosporine, β-lactam antibiotics). A crucial nutrient affecting all of these functions is iron and in most fungal species, iron handling involves fungal-specific ferric iron chelators, termed siderophores.

2.. Aspergillus fumigatus
=========================

*Aspergillus fumigatus* is a ubiquitous saprophytic fungus typically residing in the soil or decaying organic matter. As an efficient recycler in nature, this mould possesses a versatile metabolism that meets its nutritional requirements under a wide range of environmental conditions.^[@cit1]^ *A. fumigatus* produces huge numbers of minute (2--3 μm diameter) asexual spores that are efficiently released into the environment, particularly into the air. These conidia are constantly inhaled and rapidly eliminated by a functional immune system. However, immunosuppression such as in patients undergoing bone marrow transplantation, cancer chemotherapy or suffering from chronic granulomatous disease, increases the risk of invasive systemic infection, termed aspergillosis. Due to the increase in immunosuppressive regiments in medical interventions, *A. fumigatus* has become the most common air-borne fungal pathogen of humans.^[@cit2]^ The latter boosted the interest in this fungus, leading to the still ongoing detailed characterization of its physiology and metabolism, particularly of course of its virulence determinants. As a result, *A. fumigatus* is now one of the best-studied filamentous fungal species and a fungal role model including a sequenced genome, which facilitates molecular analysis and allows "genome mining".^[@cit3]^

3.. Iron homeostasis
====================

Due to the ability to coordinate and activate oxygen and the ideal redox chemistry for electron transport, iron is an indispensable cofactor for a variety of cellular processes in all eukaryotes and most prokaryotes including respiration, amino acid metabolism, and biosynthesis of DNA and sterols. On the other hand, iron excess has the potential to catalyse the formation of cell-damaging reactive oxygen species *via* the Fenton and Haber--Weiss reactions.^[@cit4]^ The iron-dependence of several enzymes involved in oxidative stress detoxification such as heme-dependent catalases and peroxidases emphasizes the complexity of cellular iron handling.

Despite its high abundance in the Earth\'s crust, the bioavailability of iron is low owing to its oxidation by atmospheric oxygen into sparely soluble ferric hydroxides. For pathogens in plant as well as animal hosts, iron is not freely available but tightly sequestered, *e.g.* in vertebrates most of the iron is associated with proteins such as transferrin, lactoferrin and ferritin and with heme that is bound by hemoglobin. The preclusion of invading microbes from iron represents a key pathway in host defence as a component of the so called "nutritional immunity".^[@cit5],[@cit6]^ Consequently, pathogenic as well as non-pathogenic organisms had to evolve sophisticated strategies to ensure iron supply, while at the same time avoiding iron toxicity. This includes diverse mechanisms for uptake and storage of iron as well as fine-tuned regulation of acquisition, storage and consumption of iron.

4.. Fungal iron acquisition and storage
=======================================

In fungi, four different mechanisms for acquisition of iron have been identified: (i) ferric iron uptake mediated by ferric iron-specific chelators, termed siderophores, (ii) reductive iron assimilation (RIA), (iii) low-affinity ferrous iron uptake and (iv) heme uptake and degradation. *A. fumigatus*, similar to most fungal species, employs siderophore-mediated iron uptake, RIA and low affinity iron uptake.^[@cit7]^ *A. fumigatus* appears unable to utilize heme as an iron source.^[@cit8]^ Interestingly, the fungal species studied in most detail lack siderophore biosynthesis (SB) including the opportunistic pathogenic basidiomycete *Cryptococcus neoformans* and the *Saccharomycotina* including the fungal role model *Saccharomyces cerevisiae* and the opportunistic pathogenic genus *Candida* spp.^[@cit7]^ Nevertheless, these siderophore non-producers are able to take up and utilize iron chelated by siderophores from other organisms, termed xenosiderophores.^[@cit9]^ Interestingly, all these siderophore non-producers display predominantly yeast morphology. However, there are also yeast species that produce siderophores such as *Schizosaccharomyces pombe* or *Aureobasidium pullulans*.^[@cit10],[@cit11]^ The siderophore non-producers utilize RIA, heme-bound iron and low affinity iron uptake.^[@cit12]^ There are also examples for species lacking RIA such as *Aspergillus nidulans* and *Coprinus* spp.^[@cit7],[@cit13]^

To overcome periods of iron-limitation as well as to avoid iron toxicity, all cells require means to store iron. In fungi, two strategies for iron storage are known: (i) vacuolar iron deposition and (ii) siderophore-mediated iron storage.^[@cit7],[@cit12]^ In contrast to bacteria, plants and animals, most fungi appear to lack ferritin-mediated iron storage and detoxification. *A. fumigatus* employs both intracellular siderophores and vacuolar iron deposition for iron storage.^[@cit14],[@cit15]^

5.. Fungal siderophores
=======================

The majority of fungal siderophores belong to the hydroxamate-class. Exceptions are the carboxylate-type siderophore rhizzoferrin produced by various *Mucorales* and the catecholate pistillarin produced by the marine species *Penicillium bilaii*.^[@cit16],[@cit17]^ Fungal hydroxamate siderophores can be grouped into four structural families: fusarinines, coprogens, ferrichromes and rhodotorulic acid. Representatives of each family are shown in [Fig. 1](#fig1){ref-type="fig"}. The chemistry of siderophores has been comprehensively reviewed.^[@cit18],[@cit19]^ Universal to all is the hydroxamate group that forms a strong iron([iii]{.smallcaps})-binding bidentate. The hydroxamate group is built by acylation of the non-proteinogenic amino acid *N* ^5^-hydroxy-[l]{.smallcaps}-ornithine, which is derived by hydroxylation of [l]{.smallcaps}-ornithine, with acetyl or more complex groups such as anhydromevalonyl. To increase affinity for Fe([iii]{.smallcaps}), most fungal siderophores include three of these moieties linked by ester or peptide bonds to form hexadentate structures. Cyclisation of the siderophore, as found in ferrichromes and some fusarinines, improves the chemical stability.

![Representatives of the major fungal siderophore types. With exception of rhodotorulic acid, siderophores are shown in the ferric form. Peptide bonds, ester bonds, and Fe([iii]{.smallcaps}) are shown in red, green and blue, respectively. In TAFC, R = acetyl, in FsC R = H.](c4np00071d-f1){#fig1}

Rhodotorulic acid, produced by basidomycetous yeasts such as *Rhodotorula* spp., is a dipeptide consisting of two *N* ^5^-acetyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine units linked head-to-head to form a diketopiperazine ring. Fusarinines consist of three *N* ^5^-*cis*-anhydromevalonyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine units linked head-to-tail by ester bonds in linear or cyclic form. Coprogens are linear di- or tri-hydroxamates composed of *trans*-fusarinine units (*i.e.* the acyl groups are *trans*-anhydromevalonyl moieties). Coprogen consist of three *N* ^5^-*trans*-anhydromevalonyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine units, with two units linked head-to-head to form a diketopiperazine ring (dimerum acid) and a third unit esterified to the C-terminal OH group of dimerum acid. *N* ^2^-Acetylation and *N* ^2^-methylation allow for the diversity of the coprogen family. Ferrichromes are cyclic hexapeptides consisting of three *N* ^5^-acyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithines and three additional amino acids, with two residues consisting of alanine, serine or glycine and the third residue always being a glycine.^[@cit20]^ A number of different acyl groups have been found in this family (acetyl, malonyl, *trans*-β-ethylglutaconyl, *trans*-anhydromevalonyl, and *cis*-anhydromevalonyl). Recently, a ferrichrome-type siderophore with a novel structure comprised of four glycines, a glutamine and three *N* ^5^-*trans*-anhydromevalonyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine moieties, produced by the endophyte *Epichloë festucae*, termed epichloënin A, was identified.^[@cit21]^ The function of hexadehydro-astechrome, a tryptophan-derived and iron-binding hydroxamate recently isolated from *A. fumigatus*, is still unknown.^[@cit22]^

6.. The siderophore biosynthetic pathway
========================================

*A. fumigatus* produces four siderophores: two extracellular fusarinine-type siderophores, fusarinine C (FsC) and its derivative triacetylfusarinine C (TAFC) for iron uptake as well as two intracellular ferrichrome-type siderophores, ferricrocin (FC) for distribution and storage of iron in hyphae and hydroxyferricrocin (HFC) for storage of iron in asexually-produced spores, termed conidia.^[@cit23]^ A scheme of TAFC-mediated iron uptake and FC-mediated iron storage is displayed in [Fig. 2](#fig2){ref-type="fig"}.

![Schematic view of TAFC-mediated iron acquisition and FC-mediated iron storage in *A. fumigatus*. The transporters for secretion of siderophores including TAFC (marked by a question mark) have not been identified yet.](c4np00071d-f2){#fig2}

FsC consists of three *N* ^5^-anhydromevalonyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine residues cyclically linked by ester bonds. TAFC is the *N* ^2^-acetylated FsC. FC is a cyclic hexapeptide with the structure Gly-Ser-Gly-(*N* ^5^-acetyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine)~3~ and HFC is the hydroxylated FC with a single unidentified hydroxylation site.^[@cit7]^ Based on biochemical studies, the fungal siderophore biosynthetic pathway was postulated by Plattner and Diekmann.^[@cit24]^ In *A. fumigatus*, the siderophore biosynthetic pathway has been characterized at the molecular level by reverse genetics, *i.e.* generation and characterization of mutant strains with defects in putative siderophore biosynthetic genes identified by their upregulation during iron starvation.^[@cit23]^ The siderophore biosynthetic pathway of *A. fumigatus* is depicted in [Fig. 3](#fig3){ref-type="fig"}. The first committed step in the biosynthesis of all four siderophores is the *N* ^5^-hydroxylation of [l]{.smallcaps}-ornithine catalysed by the [l]{.smallcaps}-ornithine-*N* ^5^-monooxygenase SidA.^[@cit8]^ SidA orthologues have been shown to be responsible for SB in various other fungal species including the ascomycetes *A. nidulans*, *Aspergillus oryzae*, *Fusarium graminearum*, *Magnaporthe grisea*, *Histoplasma capsulatum*, *A. pullulans* and the basidiomycete *Ustilago maydis*.^[@cit11],[@cit13],[@cit25]--[@cit29]^ These fungal ornithine-*N* ^5^-monooxygenases show significant similarity at the protein level to bacterial siderophore-biosynthetic enzymes such as the ornithine-*N* ^5^-monooxygenases PvdA from *Pseudomonas aeruginosa* and the lysine-*N* ^6^-monooxygenases IucD from *Escherichia coli*.^[@cit30],[@cit31]^ PvdA and IucD are essential for biosynthesis of pyoverdine and aerobactin, respectively. All these enzymes require oxygen as substrate and NADPH and FAD as co-factors.^[@cit29]^

![*A. fumigatus* SB (in blue) and its links to the isoprenoide biosynthesis as well as ornithine/arginine metabolism. Involved enzymes are boxed and described in the text. Enzymatic steps transcriptionally upregulated during iron starvation are marked by red arrows. Broken arrows denote reactions involving more than one enzyme. Mitochondrion and peroxisome are shaded in grey and yellow, respectively.](c4np00071d-f3){#fig3}

Subsequently, the pathways for biosynthesis of extra- and intracellular siderophores, *i.e.* fusarinines and ferrichromes, split due to attachment of different acyl residues. For extracellular fusarinine-type siderophores, the transacylase SidF transfers anhydromevalonyl to *N* ^5^-hydroxy-[l]{.smallcaps}-ornithine.^[@cit23]^ The required anhydromevalonyl-CoA moiety is derived from mevalonate by CoA-ligation and dehydration catalysed by the enzymes SidI and SidH, respectively, thereby linking isoprenoide and siderophore biosynthetic pathways.^[@cit32]^ SidI belongs to the acyl-CoA synthetase protein family with most members being involved in lipid metabolism. In *Neurospora crassa*, the SidI ortholog Acs5 was shown to be involved in coprogen biosynthesis.^[@cit33]^ SidH belongs to the enoyl-CoA hydratase protein family, again, with most members being involved in lipid metabolism.^[@cit34]^ The *N* ^5^-acetylation of *N* ^5^-hydroxy-[l]{.smallcaps}-ornithine for the intracellular ferrichrome-type siderophores requires two transacetylases: the constitutively expressed enzyme SidL and an unidentified enzyme, the activity of which is upregulated by iron starvation.^[@cit35]^ Both SidF and SidL belong to the "GCN5-related *N*-acetyltransferases (GNAT)". *A. fumigatus* possesses several GNAT proteins, but SidF and SidL appear to be the only two carrying the pfam10331/AlcB domain that is also conserved in bacterial siderophore biosynthetic enzymes such as the *N* ^5^-hydroxylysine:acetyl coenzyme A *N* ^5^-transacetylase IucB, which is involved in biosynthesis of the hydroxamate aerobactin.^[@cit36]^ The only other functionally characterized fungal SidF orthologue is Fer5 from *U. maydis*, which catalyses *N* ^5^-acylation of *N* ^5^-hydroxy-[l]{.smallcaps}-ornithine with methylglutaconyl-CoA for biosynthesis of ferrichrome A.^[@cit37]^ Similar to fusarinine biosynthesis in *A. fumigatus*, ferrichrome A biosynthesis is also linked to isoprenoide biosynthesis as methylglutaconyl-CoA is derived from HMG-CoA *via* dehydration by the enoyl-CoA-hydratase Fer4.^[@cit37]^

In *A. fumigatus*, fusarinines and ferrichromes are then assembled by two different non-ribosomal peptide synthetases (NRPSs), an enzyme family that is best known from secondary metabolism. The NRPS SidD links three *N* ^5^-*cis*-anhydromevalonyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine residues by ester bonds, yielding FsC.^[@cit23]^ The NRPS SidC links three *N* ^5^-acetyl-*N* ^5^-hydroxy-[l]{.smallcaps}-ornithine, two [l]{.smallcaps}-glycine and one [l]{.smallcaps}-serine residue by peptide bonds, yielding the hexapeptide ferricrocin. In other fungal species, SidC homologs were confirmed to be essential for synthesis of ferricrocin or other ferrichrome-type siderophores such as ferrichrome, ferrichrome A and ferrirhodin in *S. pombe*, *U. maydis* and *Fusarium sacchari*, respectively.^[@cit13],[@cit37]--[@cit40]^ Consistently, phylogenetic analysis predicts monogenetic origin of ferrichrome-type NRPS.^[@cit41]^ Similarly, SidD orthologs in other species were found to be responsible not only for synthesis of fusarinine- but also coprogen-type siderophores, *e.g. Alternaria brassicicola*, *C. heterostrophus* and *Colletotrichum graminicola*.^[@cit42],[@cit43]^ This indicates a common evolutionary origin of fusarinine- and coprogen-synthetic NRPSs. SidE, another NRPS predicted to be involved in SB in *A. fumigatus*,^[@cit44]^ was recently demonstrated to be responsible for synthesis of fumarylalanine but not siderophores.^[@cit45]^

NRPSs, similar to polyketide synthetases and the α-aminoadipate reductase, which is involved in lysine-biosynthesis, depend on activation by the Sfp-type 4′-phosphopantetheinyl transferase, termed PptA in *A. fumigatus*.^[@cit46]^ Consistently, this enzyme was confirmed to be essential for SB in various fungal species, including *A. nidulans*, *Cochliobolus sativus*, *Fusarium fujikuroi* and *C. graminicola*.^[@cit47]--[@cit50]^

TAFC is derived by triple *N* ^2^-acetylation of FsC catalysed by SidG.^[@cit23]^ SidG belongs to the GNAT protein family and its activity is particularly required for biosynthesis of TAFC but not FsC, coprogens and ferrichromes. In agreement, SidG orthologs are found only in few *Aspergillus*, *Fusarium* and *Nectria* species but not in species lacking TAFC production.

HFC is derived from FC by single hydroxylation catalysed by an unidentified gene product.^[@cit23]^ The hydroxylation site in HFC remains to be identified. So far, HFC has been detected only in *A. fumigatus* and appears to be missing in other FC-producing fungal species such as *A. nidulans* and *N. crassa*.^[@cit51],[@cit52]^

7.. Subcellular localization of SB
==================================

In agreement with the presence of putative peroxisomal targeting motifs, the three enzymes linking isoprenoide and TAFC biosynthetic pathways, SidI, SidH and SidF, were recently found to be sequestered in peroxisomes.^[@cit34]^ This study also demonstrated that artificial delocalization of one or two but not of all three enzymes into the cytosol impairs TAFC biosynthesis suggesting that not all TAFC biosynthesis intermediates can efficiently cross the peroxisomal membrane. The peroxisomal targeting motifs are conserved in fungal orthologues of SidF, SidH and SidI.^[@cit34]^ In agreement with the evolutionary conservation of the partial peroxisomal compartmentalization of fungal SB, the SidI orthologue of *N. crassa* and the SidF ortholog of *Penicillium chrysogenum*, which are both involved in coprogen synthesis, were identified to be peroxisomal matrix proteins.^[@cit34],[@cit53]^ Exceptions are the SidH and SidF orthologs Fer4 and Fer5 from *U. maydis*, which lack peroxisomal targeting motifs.^[@cit37]^

8.. Siderophore uptake and degradation
======================================

Cellular uptake of siderophore--iron complexes is mediated by "siderophore--iron transporters (SITs)", which belong to a subfamily of the major facilitator protein superfamily. SITs act most likely as proton symporters energized by the plasma membrane potential.^[@cit54],[@cit55]^ SIT-mediated iron uptake is universally conserved in the fungal kingdom, even in species not producing siderophores such as *S. cerevisiae*, *Candida* spp. and *C. neoformans*.^[@cit7],[@cit55]--[@cit57]^ Functional characterization of SITs started in *S. cerevisiae*, which possesses four SITs with different substrate specificity: Sit1p/Arn3p for ferrioxamine B (a hydroxamate-type siderophore produced by various *Streptomycetes* species), Arn1p for ferrichromes, Taf1p/Arn2p for TAFC, Enb1p/Arn4p for enterobactin (a catecholate-type siderophore produced by various *Enterobacteriaceae*). In contrast, *C. albicans* contains only a single broad range substrate specific SIT, CaArn1p/CaSit1p.^[@cit58]^ Similar to the siderophore non-producer *S. cerevisiae*, most fungal species including siderophore producers possess multiple SIT, *e.g. A. fumigatus* and *A. nidulans* encode seven and ten putative SITs, respectively.^[@cit7]^ Heterologous expression in *S. cerevisiae* indicated that the *A. nidulans* SITs MirB and MirA transport TAFC and enterobactin, respectively.^[@cit54],[@cit55]^ Similarly, the *A. fumigatus* MirB orthologue was confirmed to transport TAFC and FgSit1 from *F. graminearum* was suggested to transport ferrichrome.^[@cit59],[@cit60]^

Subsequent to uptake, the ester bonds of TAFC- and FsC-iron complexes are hydrolysed in the cytosol. Two of the enzymes involved have been identified, the esterases EstB and SidJ, which belong to two different protein families.^[@cit61],[@cit62]^ Interestingly, EstB is homologous to bacterial siderophore degrading enzymes such as *E. coli* Fes, which is involved in release of iron from the catecholate-type siderophore enterobactin.^[@cit63]^ EstB is specific for TAFC and SidJ is specific for FsC.^[@cit61],[@cit62]^ However, both enzymes are not essential for but rather optimize siderophore hydrolysis and consequently release of iron; *e.g.* inactivation of EstB (*ΔestB* mutant) decreases the growth rate during iron starvation, decreases the transfer of iron from TAFC to the metabolism and to the intracellular siderophore FC and consequently delays iron sensing. Lack of FC, vacuolar storage, and in particular lack of both increases the cellular content of iron chelated by siderophore breakdown products,^[@cit15]^ indicating that the transfer of iron from extracellular siderophores to the metabolism, FC or the vacuole precedes recycling of siderophore breakdown products.

9.. Genomic organization of genes involved in siderophore metabolism
====================================================================

In *A. fumigatus*, most of the identified siderophore metabolic genes are organized in three gene clusters, *i.e.* they are neighbouring each other in the genome, which most likely facilitates co-regulation of their expression.^[@cit14]^ Exceptions are the genes encoding SidA, SidL, PptA and five of the seven putative siderophore transporters. In this respect interesting to note, expression of the genes encoding SidL and PptA is, in contrast to the other siderophore metabolic genes, not regulated by iron availability. Moreover, PptA is not exclusively involved in SB. Siderophore metabolic genes are usually also genomically clustered in other fungal species, whereby the number of clusters and gene combinations vary significantly,^[@cit14],[@cit34]^ *e.g.*, SidA ortholog-encoding genes are clustered with siderophore NRPS in various other fungi including *U. maydis* and *N. crassa*.

10.. Regulation of the siderophore system
=========================================

Cellular adaptation to iron starvation requires upregulation of high-affinity iron acquisition and downregulation of both iron storage and iron consumption, while adaptation to iron excess requires the inverse response. In *A. fumigatus*, changes in iron availability cause an extensive transcriptional remodeling affecting about 13% of the protein-encoding genes.^[@cit14]^ The two central regulators mediating iron regulation at the transcriptional level in this fungus are the transcription factors SreA and HapX.^[@cit14],[@cit64]^ During iron sufficiency, the GATA-factor SreA, which binds to the consensus sequence ATCWGATAA, represses high-affinity iron uptake, including the siderophore system, to avoid iron toxicity. During iron starvation, the bZIP-transcription factor HapX represses iron-consuming pathways such as respiration, heme biosynthesis and iron--sulfur cluster-dependent processes to spare iron. Furthermore, HapX activates synthesis of the ribotoxin AspF1 and the siderophore system. HapX functions *via* physical interaction with the DNA-binding CCAAT-binding complex (CBC).^[@cit65]^ The CBC is a heterotrimeric DNA-binding complex, which is conserved in all eukaryotes. In *A. nidulans*, inactivation of either one of its subunits phenocopies HapX-deficiency with respect to the defects in adaptation to iron starvation.^[@cit65]^ However, the CBC has HapX-independent functions and is speculated to affect expression of about 30% of all genes. SreA and HapX are interconnected in a negative feed-back loop: SreA represses expression of *hapX* during iron sufficiency, while HapX represses *sreA* during iron starvation. Additionally, both SreA and HapX are regulated posttranslationally with iron blocking HapX function and activating SreA function.^[@cit65],[@cit66]^ Inactivation of both HapX and SreA is synthetically lethal underlining the critical role of iron homeostasis in cellular survival.^[@cit14],[@cit64],[@cit65]^

Most fungal species possess orthologs to SreA and HapX and the role of SreA in regulation of SB has been confirmed in *N. crassa*, *H. capsulatum*, *C. heterostrophus*, *S. pombe*, *A. pullulans* and *U. maydis*.^[@cit67]--[@cit72]^ In *S. pombe*, posttranslational iron sensing by the HapX and SreA orthologs involves glutathione and the monothiol glutaredoxin Grx4, indicating sensing of the cellular iron status *via* sensing the cellular iron--sulfur cluster availability.^[@cit70]^ In agreement with a similar mode of iron-sensing in *A. fumigatus*, extreme starvation for sulfur, which is essential for biosynthesis of both iron--sulfur clusters and glutathione, was found to cause derepression of the siderophore system leading to detrimental excessive iron uptake.^[@cit73]^ Remarkably, *S. cerevisiae* lacks orthologs of SreA and HapX. It employs entirely different regulators, Aft1/2 and Cth1/2, which are conserved only in closely related *Saccharomycotina* species.^[@cit12]^ Nevertheless, *S. cerevisiae* Aft1/2 also senses the cellular iron status *via* iron sulfur cluster biogenesis involving glutathione and glutaredoxin.^[@cit74]^ These data indicate a universal conservation of the iron-sensing machinery executed by different types of transcription factors in different organisms.

Due to the central metabolic role of iron, it is not surprising that a variety of regulatory circuits affect cellular iron handling. For example, adaptation to hypoxia of the obligate aerobic *A. fumigatus* includes upregulation of glycolysis, the TCA-cycle, respiration and ergosterol biosynthesis and as a consequence increased cellular iron and heme contents.^[@cit75],[@cit76]^ Hypoxic adaptation in *A. fumigatus* is coordinated by the transcription factor SrbA, a member of the "sterol regulatory element binding protein (SREBP)" family, which is conserved in most eukaryotes.^[@cit76]^ These transcription factors are proteolytically activated by cellular sterol-depletion to maintain sterol homeostasis.^[@cit77]^ In *A. fumigatus*, SrbA was found to be crucial not only for ergosterol-feedback regulation, resistance against triazole drugs and hypoxic growth, but also for activation of siderophore-mediated iron uptake in response to hypoxia and iron starvation.^[@cit78]^ The defects in hypoxic growth and azole resistance caused by SrbA-deficiency were partially cured by high-iron supplementation, which underlines the involvement of SrbA in iron homeostasis. SrbA is transcriptionally upregulated during both hypoxia and iron starvation, most likely in response to sterol-depletion. These data implicate that *A. fumigatus* might sense iron not only *via* HapX and SreA but also *via* SrbA. *S. cerevisiae* lacks an SrbA ortholog and the regulators mediating hypoxic adaptation in this yeast are not conserved in most other fungal species.^[@cit76]^

Further regulatory proteins suggested to affect siderophore metabolism are the pH regulatory transcription factor PacC, the gluconeogenesis-activating transcription factor AcuM, the unfolded protein-responsive IreA-HacA pathway, the cross-pathway control mediating transcription factor CpcA, and the mitogen-activated protein kinase (MAPK) MpkA, which is involved in maintaining cell wall integrity, protection against ROS, and secondary metabolism.^[@cit79]--[@cit83]^

11.. Precursor supply for SB
============================

During iron starvation, siderophore production reaches up to 10% of the biomass. This condition dramatically remodels the free amino acid pool of *A. fumigatus* with eight amino acids increasing and three amino acids decreasing more than 1.5-fold.^[@cit64]^ The 7-fold increase of the siderophore precursor [l]{.smallcaps}-ornithine during iron starvation compared to sufficiency indicates that the massive [l]{.smallcaps}-ornithine demand for SB is matched by active up-regulation of its biosynthesis. In agreement, blocking siderophore-mediated ornithine consumption by inactivation of SidA (*ΔsidA* mutant) increases the cellular [l]{.smallcaps}-ornithine pool another 2.9-fold.^[@cit64]^

The biosynthesis of [l]{.smallcaps}-ornithine in the mitochondrial matrix as well as its export *via* the transporter AmcA to the cytosol are transcriptionally upregulated under iron deprivation.^[@cit64]^ [l]{.smallcaps}-Ornithine is a precursor of [l]{.smallcaps}-arginine, and the cytosolic localized conversion of [l]{.smallcaps}-arginine to ornithine by the arginase AgaA is likewise upregulated in response to iron starvation ([Fig. 3](#fig3){ref-type="fig"}). Nevertheless, the metabolic commitment for siderophore production must be balanced against other essential cellular functions, *e.g.* [l]{.smallcaps}-arginine is vital for protein biosynthesis and ornithine is a precursor for polyamine biosynthesis. Recently, [l]{.smallcaps}-arginine was found to allosterically activate SidA enzyme activity,^[@cit84]^ *i.e.* is stimulated only if the cytosolic [l]{.smallcaps}-arginine pool is sufficient for all cellular needs. In agreement, studies with arginine-auxotrophic *A. fumigatus* mutants, which allowed manipulation of the cellular [l]{.smallcaps}-arginine and [l]{.smallcaps}-ornithine levels, revealed prioritization of these amino acids for cellular needs other than SB, *e.g.* arginine for protein biosynthesis and ornithine for polyamine biosynthesis.^[@cit82]^ The rational for this regulation might be that *A. fumigatus* possesses RIA as an alternative high-affinity iron acquisition system that is independent of [l]{.smallcaps}-ornithine. Furthermore, these studies indicated that SB is mainly fueled by mitochondrial rather than cytosolic ornithine production, at least with [l]{.smallcaps}-glutamine as the nitrogen source.

Consistent with mevalonate being a precursor for TAFC biosynthesis ([Fig. 2](#fig2){ref-type="fig"}), overexpression of the hydroxymethylglutaryl-CoA (HMG-CoA) reductase Hmg1 increases TAFC production, while inhibition of Hmg1 with lovastatin reduces TAFC biosynthesis in *A. fumigatus*.^[@cit32]^ Mevalonate is an intermediate of the isoprenoide biosynthetic pathway with ergosterol as one important product. Ergosterol is the major target of antifungal treatment, *i.e.* amphotericine B and azoles. In contrast to siderophore production, iron starvation decreases the cellular ergosterol level due to the iron-requirement of ergosterol biosynthesis.^[@cit32]^ Concordant with bilateral demand for mevalonate, genetic inactivation of mevalonate consumption for TAFC biosynthesis altered the sterol composition and increased lovastatin resistance during iron starvation.^[@cit32]^ These data also revealed a novel consequence of statin treatment in fungi that produce siderophores, the synthesis of which depend on HMG-CoA, such as fusarinines and coprogens.

12.. The role of siderophores in physiology and interaction with other organisms
================================================================================

In *A. fumigatus*, genetic elimination of extracellular siderophores (*ΔsidI*, *ΔsidH*, *ΔsidF*, and *ΔsidD* mutants) decreases growth, conidiation and oxidative stress resistance during iron limitation but not during iron sufficiency, which enables compensation by other iron acquisition systems, mainly RIA.^[@cit23]^ In agreement, simultaneous inactivation of RIA and SB blocks growth without high ferrous iron supplementation, which supports growth *via* low-affinity ferrous iron uptake.^[@cit8]^ Eliminating intracellular siderophores (*ΔsidC* and *ΔsidL*, mutants) reduces conidiation and blocks sexual development, as shown in *A. nidulans*, *Cochliobolus heterostrophus* and *Gibberella zeae*,^[@cit51],[@cit85]^ most likely due to the crucial role of FC in intracellular iron transport from substrate-contacting hyphae into aerial hyphae.^[@cit86]^ The lack of HFC (*ΔsidC* and *ΔsidL*, mutants) decreases the conidial iron content by about 50%, which impairs iron-dependent enzymes such as aconitase and catalase A, and thereby decreases conidial size and conidial resistance to oxidative stress.^[@cit23],[@cit35],[@cit86]^ Moreover, the lack of HFC delays germination during iron starvation.^[@cit23]^ Intracellular iron excess, *e.g.* due to derepression of iron uptake caused by SreA-deficiency, induces massive hyphal accumulation of ferri-FC and transcriptional induction of the transporter CccA, which mediates vacuolar iron deposition in both *A. fumigatus* and *A. nidulans*.^[@cit14],[@cit51],[@cit87]^ Nevertheless, vacuolar iron deposition rather than FC-mediated iron storage appears to represent the major iron detoxification system.^[@cit15]^ Inactivation of the entire siderophore system (*ΔsidA* mutant) combines the defects caused by inactivation of either extra- or intracellular SB and renders *A. fumigatus* extremely sensitive to iron starvation.^[@cit8],[@cit23]^

Both extra- and intracellular siderophores are crucial for virulence as elimination of the entire SB (*ΔsidA* mutant) results in absolute avirulence of *A. fumigatus* in a murine model of invasive pulmonary aspergillosis,^[@cit8],[@cit88]^ while deficiency in either extracellular (*ΔsidI*, *ΔsidH*, *ΔsidF* or *ΔsidD* mutants) or intracellular siderophores (*ΔsidC* mutants) causes partial attenuation of virulence.^[@cit23],[@cit32]^ The fact that mutants lacking extracellular siderophores are not avirulent indicates partial compensation by RIA *in vivo*. Consistently, both RIA and the siderophore system are transcriptionally upregulated during murine infection.^[@cit89]^ Conidial HFC appears to play a particularly crucial role during initiation of infection because restoration of the conidial HFC content by supplementation with FC during conidiation partially cures the virulence defect of *ΔsidA* conidia.^[@cit23]^ SidG-deficiency, which eliminates TAFC production with concomitant increase of FsC production, affects neither growth nor virulence, indicating that the structural differences between these two siderophores are irrelevant in the settings analysed.^[@cit23]^ The fact that *A. fumigatus* siderophores are able to remove iron from host sources, such as transferrin underlines their crucial role in virulence.^[@cit90],[@cit91]^

During infection, the siderophore system is important not only for extra-, but most likely also for intracellular growth as defects in the siderophore system decrease intracellular growth and survival of *A. fumigatus* after phagocytosis by murine alveolar macrophages.^[@cit92]^ Consistently, impairment of SB alters the immune response of macrophages after phagocytosis of *A. fumigatus*,^[@cit93]^ and the gene encoding SidA was among the highest upregulated genes after internalization of *A. fumigatus* by epithelial cells.^[@cit94]^ Moreover, the siderophore system was also found to be important for virulence of *Histoplasma capsulatum*, a dimorphic fungal pathogen replicating in the yeast form within macrophages.^[@cit28]^ The evolutionary conserved role of siderophores in virulence of *A. fumigatus* has been confirmed in various infection models apart from pulmonary murine infection, *i.e.* a murine cutaneous model, *Drosophila melanogaster* and *Galleria mellonella*.^[@cit95]--[@cit97]^

SB is also a virulence determinant of a number of phytopathogenic ascomycetes with a necrotrophic life style such as *C. heterostrophus*, *Cochliobolus miyabeanus*, *F. graminearum*, *A. brassicicola*, *Alternaria alternata* and *M. grisea* on different plant hosts.^[@cit25],[@cit42],[@cit98],[@cit99]^ In contrast, SB is dispensable and RIA is essential for phytopathogenicity of biotrophic *U. maydis*.^[@cit29],[@cit100]^ Recent studies with the hemibiotrophic fungus *C. graminicola* shed light on the apparent discrepancy of the role of siderophores in virulence of necro- and biotrophic pathogens.^[@cit43],[@cit101]^ In this maize pathogen, SB was found to be induced and important for virulence during the necrotrophic phase but to be specifically downregulated during the biotrophic phase, compensated by RIA, in order to repress the plant immune response induced by fungal siderophores.

Consistent with the crucial role of adaptation to iron starvation, including SB as virulence determinant, involved regulators such as HapX and SrbA as well as NRPS-activating Sfp-type 4′-phosphopantetheinyl transferase is essential for virulence of different siderophore producers.^[@cit49],[@cit102]^

In *Epichloë festucae*, extracellular siderophore biosynthesis is important to maintain mutualistic symbiotic grass--endophyte associations as its inactivation transformed this mutualistic fungus into an antagonistic one.^[@cit103]^

Apart from their roles in virulence and symbiosis, siderophores might also play a role in competitive and cooperative interactions among microorganisms because chelation of environmental iron by siderophore-types that are not recognized by competitors might be used to starve them for iron. This is counteracted by the evolvement of transporters recognizing these xenosiderophores. The latter turns a growth-suppressing into a growth-promoting molecule. This scenario is supported by the fact that most siderophore-producing bacteria and fungi possess xenosiderophore-specific SITs.^[@cit7]^ The central role of iron and siderophores in microbial interaction is underlined by two recent findings.

Patients with cystic fibrosis contain a mixed microbial community including the bacterium *P*. *aeruginosa* and *A. fumigatus*. *In vitro* mass spectrometry imaging revealed that *P*. *aeruginosa* stimulates production by *A. fumigatus via* secretion of 1-hydroxyphenazine TAFC.^[@cit104]^ The mechanism and rational of this microbial interaction is currently unknown but it underlines the central role of siderophores. Along these lines, HapX-mediated iron regulation was demonstrated to be crucial for iron competition of *F. oxysporum* with siderophores of a biocontrol strain of *Pseudomonas putida*.^[@cit105]^

13.. Applied aspects: potential use in treatment and diagnosis of fungal infections
===================================================================================

Fungal infections such as aspergillosis are difficult to diagnose and treat, which is reflected by the high mortality rates that continue to be associated with this disease.^[@cit106]^ The crucial role of the siderophore system for fungal virulence and the differences to the mammalian iron acquisition mechanisms might help to improve therapy and diagnosis of fungal infections. Specifically, the fungal siderophore biosynthetic pathway represents a promising target for selective therapeutic intervention. In this respect, the structural elucidation of the *A. fumigatus* SidA enzyme might facilitate design of selective inhibitors.^[@cit107]^ Recently, treatment of fungal keratitis in a murine model by dual topical therapy with the iron chelator deferiprone and statins, which target biosynthesis of both isoprenoides and extracellular siderophores, showed promising restriction of fungal growth.^[@cit108]^

Furthermore, SITs represent one of few protein families that are unique to the fungal kingdom and are not present in prokaryotes or other eukaryotes.^[@cit109]^ Consequently, this protein family is an attractive drug target by potentially mediating fungal-specific drug delivery by a Trojan horse approach,^[@cit110]^ in which antifungal agents are covalently attached to siderophores for selective import into fungi.

Moreover SITs represent an attractive target to improve diagnosis of fungal infections. ^68^Gallium chelated by TAFC or the bacterial siderophore ferrioxamine E was found to enable *in vivo* imaging of aspergillosis in animal models by Positron Emission Tomography (PET) due to selective accumulation in fungal cells.^[@cit111]--[@cit114]^

The understanding of the fungal siderophore system has advanced significantly in recent years. Nevertheless, its potential application in treatment and diagnosis of fungal infections still requires deeper insights.

Moreover, the recombinant *A. fumigatus* enzymes SidI and SidH were employed for biosynthesis of anhydromevalonolacton, an intermediate in the production of bioplastic in *E. coli*, which indicates the biotechnological potential of enzymes involved in the fungal siderophore pathway.^[@cit115]^

14.. Abbreviations
==================

CBC

:   CCAAT binding complex

CoA

:   Coenzyme A

FC

:   Ferricrocin

FsC

:   Fusarinine C

GNAT

:   GCN5-related *N*-acetyltransferases

HFC

:   Hydroxyferricrocin

RIA

:   Reductive iron assimilation

SB

:   Siderophore biosynthesis

SIT

:   Siderophore--iron transporter

TAFC

:   Triacetylfusarinine C
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